Ribonuclease P (RNase P) is a ribonucleoprotein that catalyzes the 59 maturation of precursor transfer RNA in the presence of magnesium ions. The bacterial RNase P holoenzyme consists of one catalytically active RNA component and a single essential but catalytically inactive protein. In contrast, yeast nuclear RNase P is more complex with one RNA subunit and nine protein subunits. We have devised an affinity purification protocol to gently and rapidly purify intact yeast nuclear RNase P holoenzyme for transient kinetic studies. In pre-steady-state kinetic studies under saturating substrate concentrations, we observed an initial burst of tRNA formation followed by a slower, linear, steady-state turnover, with the burst amplitude equal to the concentration of the holoenzyme used in the reaction. These data indicate that the rate-limiting step in turnover occurs after pre-tRNA cleavage, such as mature tRNA release. Additionally, the steady-state rate constants demonstrate a large dependence on temperature that results in nonlinear Arrhenius plots, suggesting that a kinetically important conformational change occurs during catalysis. Finally, deletion of the 39 trailer in pre-tRNA has little or no effect on the steady-state kinetic rate constants. These data suggest that, despite marked differences in subunit composition, the minimal kinetic mechanism for cleavage of pre-tRNA catalyzed by yeast nuclear RNase P holoenzyme is similar to that of the bacterial RNase P holoenzyme. These authors contributed equally to this work. . Article published online ahead of print. Article and publication date are at holoenzyme is limited by product release Pre-tRNA turnover catalyzed by the yeast nuclear RNase P References http://rnajournal.cshlp.org/content/15/2/224.full.html#ref-list-1
INTRODUCTION
Ribonuclease P (RNase P) catalyzes the endonucleolytic removal of the 59 leader from precursors of transfer RNA (pre-tRNAs), an activity that is conserved in all domains of life. In most organisms characterized to date, RNase P is a ribonucleoprotein consisting of a single catalytic RNA (z350-450 nucleotides [nt] ) and a variable number of protein subunits (Bacteria = 1, Archaea $4, and Eukarya $9) (Hsieh et al. 2004; Walker and Engelke 2006; Gopalan 2007; Jarrous and Reiner 2007; Smith et al. 2007 ). The isolated RNA from bacterial RNase P is catalytically active in vitro under conditions of high ionic strength (Guerrier-Takada et al. 1983) . Despite the demonstrated ribozyme activity in vitro, the bacterial protein is essential in vivo (Guerrier-Takada et al. 1983; Gossringer et al. 2006 ). Until recently, mechanistic studies of RNase P have focused on enzymes isolated from bacteria (especially from Escherichia coli and Bacillus subtilis). The relatively simple bacterial systems have allowed the dissection of the roles of both RNA and protein within a true multiple-turnover ribonucleoprotein enzyme (Christian et al. 2002; Hsieh et al. 2004; Smith et al. 2007) . In this study, we take the first steps toward characterizing the kinetic mechanism of the more complex eukaryal holoenzyme.
The roles of the RNA and protein subunits in bacterial RNase P have been elucidated by studying the reaction catalyzed by either the RNA only (ribozyme) or the RNAprotein (holoenzyme) complex in vitro (for review, see Christian et al. 2002; Hsieh et al. 2004; Walker and Engelke 2006; Gopalan 2007; Smith et al. 2007 ). Steady-state kinetic measurements show that the activity of both the bacterial ribozyme and holoenzyme are dependent on divalent metals and pH. Mechanistic studies of the bacterial holoenzyme in vitro have indicated a number of specific roles for the protein (Hsieh et al. 2004; Smith et al. 2007 ). The single bacterial P protein increases the pre-tRNA affinity by interacting directly with the substrate, modestly enhances the cleavage activity, reduces the Mg(II) concentration required for optimal catalysis, and may promote PRNA folding (Kurz et al. 1998; Pomeranz Krummel and Altman 1999; Kurz and Fierke 2002; Buck et al. 2005; Sun et al. 2006; Niranjanakumari et al. 2007; Sun and Harris 2007) .
In kinetic studies of B. subtilis and E. coli ribozyme activity, a burst of product formation is observed, indicating that product dissociation is the rate-limiting step in the minimal kinetic mechanism (Reich et al. 1988; Tallsjo and Kirsebom 1993; Beebe and Fierke 1994; Kurz and Fierke 2002, and references therein) .
In eukaryotes, a number of studies strongly support the proposal that the RNA subunit remains the catalytic component (Pfeiffer et al. 2000 ; Thomas et al. 2000; Kikovska et al. 2007 ). However, only trace ribozyme activity has been shown for a small number of eukaryal RNAs (Kikovska et al. 2007 ); therefore, the proteins are undoubtedly involved in assisting and potentially modifying the recognition of substrates and/or the catalytic activity of the RNA. In contrast to the bacterial enzymes, investigation of the precise functions of individual protein subunits has been hindered due to the increased complexity of the eukaryal holoenzymes. A full reconstitution of the yeast holoenzyme remains a technical challenge, although a partial reconstitution of the human enzyme has been reported (Mann et al. 2003) . Genetic manipulations in yeast have shown that each of the nine proteins is essential for viability and RNase P activity in vivo Walker and Engelke 2006, and references therein) . The study of the in vivo functions of the eukaryotic protein subunits is complicated by the existence of RNase MRP, a closely related ribonucleoprotein. RNase P and RNase MRP each has a distinctive RNA subunit, although the two RNAs share sequence and structural elements; MRP RNA is proposed to have evolved from RNase P RNA. Eight proteins are identical in the RNase P and RNase MRP holoenzymes from yeast and human, with each enzyme having at least one additional unique protein (for review, see Walker and Engelke 2006) .
In the case of RNase P, purification of an active precursor to the mature RNase P demonstrated that at least two of the nine proteins are dispensable for pre-tRNA cleavage activity in vitro, including Rpr2p, which is unique to RNase P (Chamberlain et al. 1998; . Mutational analysis of yeast nuclear RNase P has also been used to explore the roles of multiple conserved positions within both the RNA and the largest protein subunit, Pop1p (Xiao et al. 2005; Xiao et al. 2006 ). In the majority of cases, mutations either affect the stability of the RNase P RNA (interpreted as a defect in holoenzyme assembly/ stability) or result in a deficiency in pre-tRNA cleavage (interpreted as a defect in catalytic proficiency).
The goal of this study is to elucidate a minimal kinetic mechanism for the eukaryotic/yeast nuclear RNase P. It is important to address whether the differences in composition between the bacterial RNase P holoenzyme (z10% protein by mass) and the eukaryal RNase P holoenzyme (z70% protein by mass) result in an altered kinetic mechanism for pre-tRNA cleavage. To this end, we have employed transient kinetic methods to probe the global mechanism of the eukaryal holoenzyme. A significant step has been the purification of the nuclear RNase P from yeast (Saccharomyces cerevisiae) in sufficient quantity and concentration to allow the measurement of transient kinetics.
To date, this is the first detailed pre-steady-state kinetics study of nuclear RNase P from a eukaryotic organism. Similar to the bacterial holoenzymes, we have observed a burst of product formation in the pre-steady-state kinetics of pre-tRNA cleavage catalyzed by yeast RNase P. The burst amplitude varies with the enzyme concentration, indicating that a slow kinetic step following cleavage, such as tRNA dissociation, is rate limiting in the overall kinetic mechanism. We have obtained rate constants for pre-tRNA binding, cleavage, and product release from simultaneously fitting a set of kinetic time courses varying substrate and enzyme concentrations. These data support the hypothesis that bacterial and eukaryotic RNase P holoenzymes follow a similar kinetic mechanism.
RESULTS

Yeast nuclear RNase P preparation
The original purification of highly active, nuclear RNase P requires ammonium sulfate precipitation of the yeast lysate followed by multiple ion-exchange chromatography steps in which the enzyme is eluted at high salt conditions (Chamberlain et al. 1998 ). This protocol takes several days to complete, and the final enzyme concentration is low. To accelerate the purification procedure using milder conditions and to obtain RNase P at the highest concentration possible, we have attempted several affinity-tagged approaches. We successfully purified yeast nuclear RNase P using a tandem affinity purification tag (TAP-tag) (Puig et al. 2001) integrated into the C terminus of the unique Rpr2 protein subunit. Alternative strategies using tandem RNA aptamer tags within the RPR1 RNA were also successful, but the enzyme yields were substantially lower over the dual purification steps (data not shown). The TAP-tag approach was carefully optimized to allow purification of RNase P in a single day under relatively mild conditions, with high purity and high final concentration (see Fig. 1 ; see Materials and Methods). The specific activity of the TAP-tag purified RNase P is comparable to that purified using a HA-tag affinity method (Xiao et al. 2006 ) and is slightly higher (z20%) than enzyme purified by the original method (Ziehler et al. 2000) . Northern blot analysis throughout the purification (Fig. 1) shows that several significant potential contaminants (RNase MRP and mitochondrial RNase P) are completely eliminated during the TAP-tag affinity purification. In these preparations, the precursor RPR1 RNA is detected in the purified enzyme and contributes up to 5% of the final yield. Previously precursor RNase P has been shown to be active in pre-tRNA cleavage in vitro . Therefore, estimates of the concentration reflect the entire RPR1 RNA population. The concentration of the final purified holoenzyme was measured by Northern blot analysis of the total RPR1 RNA (181 6 4 nM). This value is similar to the RNase P concentration determined from the burst amplitude in pre-steady-state experiments (190 6 6 nM) (see Fig. 3B below), indicating that the majority of the enzyme in this preparation is active.
Yeast RNase P exhibits burst kinetics
We performed pre-tRNA cleavage experiments catalyzed by yeast nuclear RNase P at saturating concentrations of substrate and measured the cleavage reaction at short times to observe the first few turnovers. This experiment analyzes whether the rate constant for cleavage of the first pre-tRNA catalyzed by RNase P is comparable to the rate constant for subsequent turnovers (Johnson 1992; Fierke and Hammes 1995) . To fully capture the burst phase kinetics while minimizing the amount of purified enzyme used for the assay, we lowered the temperature to 20°C (100 mM KCl, 10 mM MgCl 2 , and 10 mM HEPES at pH 8.0) to slow the reaction sufficiently so that the rate constants could be measured without using rapid reaction equipment. Figure 3 shows the pre-steady-state time courses for RNase P-catalyzed cleavage of a saturating concentration of wild-type yeast pre-tRNA Tyr containing both the normal 59 leader and the 39 poly(U) trailer (Fig. 2, [+5 , +3] pre-tRNA) with increasing concentrations of RNase P. The presteady-state time courses have two distinct phases ( Fig. 3A) : an initial rapid formation of the cleavage products (the burst phase), followed by a linear, steady-state production of tRNA. Extrapolation of the linear phase to zero time intersects the Y-axis above the origin. The burst-phase amplitude ( Fig. 3B ) was obtained by fitting an equation (Eq. 1) describing a single-exponential followed by a linear, time-dependent formation of product to these time courses (Fig. 3B ). The burstphase amplitude increases linearly with the RNase P concentration with a slope of 1.05 6 0.02 mol of the product formed in the burst per mole of RNase P. These burst kinetics indicate a minimal two-step kinetic pathway: fast pre-tRNA cleavage followed by a second slower step that is needed to regenerate active enzyme. A burst amplitude that is comparable to the total enzyme concentration indicates both that cleavage is significantly faster than the second step and that RNase P is saturated with bound pre-tRNA under these conditions. Time courses for pre-steady-state cleavage catalyzed by RNase P were also measured at several concentrations of (+5, +3) pre-tRNA Tyr (Fig. 4A ). In each reaction time course, a burst of production formation is followed by a linear phase, as observed in the previous experiments ( Fig.  3A) . Equation 1 was fit to these data to obtain the observed burst-phase rate constant, k obs,1 ; the burst-phase amplitude, A; and the steady-state turnover rate constant, k obs, 2 . The observed rate constants for both the exponential and linear phases exhibit a hyperbolic dependence on the substrate concentration. The plateau value for the rate constant for the burst phase, k obs, 1 , is 0.35 6 0.03 sec À1 with a value of K 1/2 of 0.40 6 0.07 mM (Fig. 4B ). In contrast, the burst amplitude does not appear to depend on the concentration of pre-tRNA Tyr under these conditions, likely owing to its squared dependence on total enzyme concentration ( Fig.  4C ; Gutfreund 1995) . The plateau value for the rate constant of the linear phase, k obs,2 (or k cat ), is 0.10 6 0.02 sec À1 , with an apparent K M of 0.20 6 0.08 mM (Fig. 4B ). These values are consistent with values measured under steady-state conditions using the same substrate (Table 1) , indicating that the linear phase in the pre-steady-state measurements is reflecting steady-state turnover.
These data are consistent with a kinetic mechanism in which the RNase P-catalyzed steady-state turnover of (+5, +3) pre-tRNA Tyr is not limited by the cleavage step but by a step that occurs after cleavage. Therefore, the minimal kinetic mechanism for yeast nuclear RNase P has at least three kinetic events: substrate binding, cleavage, and product release/enzyme regeneration (Scheme 1). Based on this minimal mechanism, at saturating substrate concentrations, the burst phase indicates that pre-tRNA cleavage (measured by the burst rate constant) (Scheme 1, k 2 ) is faster than a subsequent step, such as dissociation of products (measured by the steady-state rate constant) (Scheme 1, k 3 ).
Global fitting of a minimal three-step mechanism (substrate binding, cleavage, and product release) (Scheme 1) to all of the pre-steady-state kinetic data using numerical integration techniques (Barshop et al. 1983; Zimmerle and Frieden 1989) leads to a set of kinetic rate constants that describes all of the measured time courses for yeast nuclear RNase P-catalyzed cleavage of (+5, +3) pre-tRNA Tyr (Fig. 5 ; Scheme 2), assuming that cleavage and product dissocia-tion are essentially irreversible so that the values of k À2 and k À3 [P] are small and negligible. (Under initial rate conditions, the concentration of products is small.) This analysis suggests that the value of the rate constant, k 1 , for pre-tRNA association is 1.1 6 0.2 mM À1 sec À1 under our experimental conditions, which is slower than predicted for a diffusion-controlled association reaction (see Berg and von Hippel 1985; Lohman 1986; Fersht, 1999 , and references therein). The value for the rate constant for dissociation of pre-tRNA from the ES complex, k À1 , cannot be directly determined from these data; only an upper boundary (#0.1 sec À1 ) can be estimated. The global analysis indicates that the value for the apparent cleavage rate constant, k 2 , is 0.37 6 0.03 sec À1 , while the value for the rate constant for product dissociation, k 3 , is smaller (0.077 6 0.008 sec À1 ) ( Fig. 5 ). This fivefold difference in the values of k 2 and k 3 is the basis for the burst phase observed in the pre-steady-state kinetic time course: while cleavage of the first substrate is limited by pre-tRNA association (k 1 [E][S]) and cleavage (k 2 ), subsequent turnovers are mainly limited by regeneration of active, free enzyme from the enzyme-product complex, which may reflect the rate constant for product dissociation. We have estimated that the value of k À3 is 2 3 10 6 M À1 sec À1 from the tRNA Tyr inhibition constant (29.4 6 0.8 nM) (Ziehler et al. 2000) and the value of k 3 (0.07 sec À1 ) assuming a single dissociation step. Although the concentration of tRNA product becomes comparable to the value of this inhibition constant in the pre-steady-state time courses (up to 60 nM), no obvious product inhibition is observed.
Global analysis of the burst kinetic time courses only provides an upper limit for the dissociation rate constant, k À1 , of pre-tRNA from the EdS complex. A better estimation for k À1 can be obtained from a comparison of the burst amplitude when the reaction is quenched by addition of EDTA and urea at acidic pH (chemical quench) compared to addition of excess unlabeled pre-tRNA (cold chase experiments) ( Fig. 5B ). The chemical quench rapidly stops the cleavage activity of RNase P so that the E d pre-tRNA complex is observed as pre-tRNA. However, the cold chase allows the Edpre-tRNA complex to partition between cleavage to form product (tRNA) and dissociation from the ES complex as pre-tRNA. In a pre-steady-state time course, the tRNA product observed using the cold chase is only 10% to 15% higher than the product obtained by the chemical quench method (Fig. 5B) . These experiments were carried out using saturating concentrations of pre-tRNA such that the E d pre-tRNA complex accumulates. However, under these conditions, the maximal concentration of the Edpre-tRNA is predicted to occur before our first time point (between 5 and 7 sec in the reaction time course). Therefore, these data essentially reflect the concentration of the enzyme d pre-tRNA (ES) complex under steady-state conditions. The observation of a significant difference in the product concentration obtained by chemical-quench and cold-chase techniques indicates that the ES complex does not rapidly equilibrate with unbound substrate before cleavage occurs (k À1 ) k À2 ). Instead, in the presence of the cold chase a significant portion of the substrate in the Edpre-tRNA complex partitions to form tRNA. Based on Scheme 1, the fraction of the ES intermediate that partitions to form tRNA instead of dissociating pre-tRNA is defined by k 2 /(k À1 + k À2 ) (Eq. 8) (Patel et al. 1991; Gilbert and Johnson 1994 ; see Materials and Methods). By using the value of 0.37 sec À1 for k 2 , we estimate that k À1 is in the range of 0.05 6 0.02 sec À1 (Fig. 5B) .
To test the validity of the three-step kinetic scheme derived from the global analysis (Scheme 2, where k À1 = 0.05 sec À1 ), we calculated values for the steady-state kinetic parameters derived for this mechanism (Eqs. 4-6) (Materials and Methods). The experimental and calculated values for these steadystate parameters (Table 2) are within experimental uncertainty (a factor of 2), suggesting that this scheme adequately describes the kinetic mechanism for yeast RNase P.
The 39 trailer of pre-tRNA enhances the RNase P cleavage kinetics
In vivo, pre-tRNA is transcribed by RNA polymerase III, and these transcripts contain short 39 poly(rU) tails (Lee et al. 1997) . We have performed pre-steady-state kinetic experiments using a pre-tRNA Tyr construct without the 39 poly(U) trailer [referred to as the ([+59, À39] pre-tRNA) (Fig. 2) to probe the importance of this trailer for efficient catalysis of pre-tRNA cleavage (Fig. 6) . A prominent burst phase is observed in pre-steady-state kinetic experiments varying either the concentration of RNase P or pre-tRNA ( Fig. 6A,B , respectively). The observed burst-phase rate constant plateaus at 0.11 6 0.02 sec À1 (Fig. 6C; Table 2 ); threefold slower than the maximal burst-phase rate constant for cleavage of pre-tRNA containing a 39 trailer. Therefore, the presence of the short duplex between the 59 leader and 39 trailer (potentially a 5 AU-bp duplex) (Fig. 1) enhances the apparent cleavage rate constant (Scheme 1, k 2 ). However, the turnover number (k cat ) for RNase P-catalyzed cleavage of this substrate is comparable to that of the full-length (+59, +39) pre-tRNA, while the values for k cat /K M and K M are altered modestly (1.5-fold) ( Table 2) . These data are consistent with previous observations that the absence of the 39 trailer does not significantly affect the substrate specificity of RNase P under steady-state turnover conditions (Lee et al. 1997; Ziehler et al. 2000) .
Temperature dependence of the steady-state kinetic data suggests additional steps in the mechanism
We have measured the temperature dependence of the steady-state parameters (k cat and k cat /K M ) for yeast RNase P cleaving both the (+59, +39) and (+59, À39) pre-tRNA substrates. Arrhenius analyses for these steady-state kinetic parameters are shown in Figure 7 . The steady-state kinetic parameters demonstrate the same temperature dependence for both substrates, consistent with the small effect of the 39 trailer on the values of the steady-state kinetic parameters. The Arrhenius plot is nonlinear for both k cat and k cat /K M , suggesting that the rate-limiting step changes as the temperature varies. At high temperature ($30°C), neither k cat nor k cat /K M exhibits a large dependence on temperature. This small temperature dependence is consistent with diffusion-controlled association of pre-tRNA as the ratelimiting step for k cat /K M . However, as the temperature decreases, the values for both k cat and k cat /K M decrease significantly (300-and 240-fold from 37°C to 15°C, respectively); the apparent linear range for both log(k cat / K M ) and log(k cat ) versus (1/T) lies between 15°C and 25°C, with an apparent Arrhenius activation energy (E a ) of 55 6 4 kcal/mol and 60 6 10 kcal/mol, respectively. These observations suggest that a change in the rate-limiting step might occur at low temperatures for both the k cat and k cat / K M kinetic parameters, and that the minimal kinetic mechanism shown in Scheme 1 might be too simplistic to completely describe the kinetics of RNase P-catalyzed cleavage of pre-tRNA.
DISCUSSION
The minimal kinetic mechanism for yeast nuclear RNase P is similar to that of the bacterial RNase P Based on our kinetic data, the minimal kinetic mechanism for yeast nuclear RNase P consists of at least three steps: pre-tRNA binding, phosphodiester bond cleavage, and slow product release or regeneration of active enzyme. For simplicity, this mechanism explicitly includes dissociation of only one of the two products (Scheme 1). This is a reasonable simplification as long as dissociation of one of the products (such as the short leader) is rapid relative to dissociation of tRNA. For cleavage of yeast pre-tRNA Tyr under our solution conditions, the rate-limiting step under steady-state turnover is two-to fivefold slower than the apparent rate constant for cleavage, which leads to the observed pre-steady-state burst in tRNA formation.
Burst kinetics has also been observed for the bacterial RNase P ribozyme and the holoenzyme (Reich et al. 1988; Tallsjo and Kirsebom 1993; Beebe and Fierke 1994) . There-fore, rate-limiting product dissociation/enzyme regeneration might be a common property shared by the majority of RNase P ribonucleoproteins. Additionally, under k cat /K M conditions at higher temperatures and moderate salt, substrate association is the rate-limiting step for both bacterial and yeast enzymes as pre-tRNA cleavage is faster than dissociation from the ES complex. Consequently, discrimination between pre-tRNA substrates by RNase P based on binding affinity is diminished so that RNase P can cleave a variety of substrates.
Conformational change might occur prior to catalysis
The minimal three-step mechanism proposed for the yeast nuclear RNase P (Schemes 1, 2) is sufficient to explain the observed transient kinetic data at 20°C. Furthermore, the values calculated for the steady-state kinetic parameters (Eqs. 4-6) using the microscopic rate constants shown in Scheme 2 (with k À1 = 0.05 sec À1 ) are within experimental uncertainly (a factor of 2) of the measured values for these parameters (Table 2) . Therefore, this scheme is also sufficient to describe the steady-state turnover at room temperature. for EDTA quench or substrate chase experiments, using the rate constants shown in Scheme 2 with k À1 = 0.05 sec À1 and k 3 = 2 3 10 6 M À1 sec À1 . The thick line is the calculated concentration of the ES complex over time.
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Cold Spring Harbor Laboratory Press on January 17, 2020 -Published by rnajournal.cshlp.org Downloaded from However, the nonlinear Arrhenius plots observed for both k cat /K M and k cat (Fig. 7) are difficult to rationalize using the three-step kinetic mechanism in Scheme 2. There are several possible explanations for nonlinearity in Arrhenius plots, such as a temperature-dependent change in the rate-limiting step observed in a multistep mechanism, the reaction mechanism, or the structure of the reactants (Gutfreund 1995) . Since the reaction catalyzed by RNase P is a multistep kinetic mechanism, we propose that a change in the rate-limiting step is the most likely cause for the observed nonlinear Arrhenius plots. The similar behavior observed for both k cat and k cat /K M suggests that the temperature-dependent step occurs at or before cleavage, as this is likely the first irreversible step in the mechanism (Schemes 2, 3). Furthermore, the large magnitude of the measured activation energy (z50 kcal/mol) of this step suggests that the temperature-dependent step is neither substrate association (E a z6 kcal/mol) (Berg and von Hippel 1985; Lohman 1986 ) nor phosphodiester bond cleavage (E a = 13-20 kcal/mol) (Uhlenbeck 1987; Thomson and Lilley 1999; Torres et al. 2003) . To explain these data, we propose a reaction scheme with an additional step: a temperaturedependent conformational change in the enzyme-substrate complex prior to catalysis (Scheme 3, ES-E9S), or a temperature-dependent interconversion of RNase P between active and inactive states prior to substrate binding and cleavage (Scheme 3, E, E9, respectively). Presently, we cannot differentiate between these possibilities.
Curved Arrhenius plots with large energies of activation (E a > 40 kcal/mol) at lower temperatures have been observed previously for the kinetics of complex reactions, such as actin filaments moving with respect to myosin (Anson 1992) , rhodopsin activation (Kahlert and Hofmann 1991) , and formation of E. coli RecA protein filaments (Wilson and Benight 1990 ). In addition, nonlinear Arrhenius plots with similar activation energies (z40-50 kcal/mol) have been observed previously for association kinetics for nucleic acids and protein-nucleic acid complexes, in-cluding the migration of DNA cruciforms (Lilley 1985) , association of E. coli s 70 RNA polymerase with the lP R promoter (Roe et al. 1985; Saecker et al. 2002) , E. coli RecA protein binding to duplex DNA (Pugh and Cox 1988) , and substrate binding to the hammerhead ribozyme (Peracchi 1999) or to a small deoxyribozyme (Bonaccio et al. 2004) . A commonality between the systems involving nucleic acids is a change in base-pairing (melting or annealing) during the macroscopic rate constant monitored. However, this observation does not rule out other temperature-dependent reactions such as conformational changes or net changes in counter-ion uptake/release that could accompany the binding reaction. A simple model for the two proposed conformational states for the holoenzyme-substrate (ES and E9S) complex would be a lower-affinity, ''open'' conformation, followed by formation of a higher affinity, ''closed'' or ''docked'' conformational state for the ES complex, as previously Calculated from the rate constants obtained from global analysis (listed in Scheme 2) and Equations 4-6. c A value of 0.05 6 0.02 for k À1 is used for these calculations. suggested for bacterial RNase P, hairpin ribozyme, and Group I intron (Loria and Pan 1999; Zahler et al. 2003; Hougland et al. 2006; Sun et al. 2006 ). Conformational changes are commonly observed in enzymes to increase substrate affinity and to rearrange the active site for optimal catalysis (Narlikar and Herschlag 1997) . A conformational change step in the Edpre-tRNA complex of yeast RNase P could serve both purposes.
The results presented here are the first detailed presteady-state kinetic studies of a eukaryotic RNase P. We have shown that a minimal kinetic mechanism for yeast RNase P consists of substrate binding, cleavage, and slow product release/regeneration of active enzyme steps, as observed in bacterial RNase P. Furthermore, these data demonstrate that the kinetic behavior of S. cerevisiae nuclear (eukaryotic) and B. subtilis (bacterial) RNase P is similar at moderate temperatures and ionic strength: diffusion-controlled binding of pre-tRNA to form the E d pre-tRNA followed by cleavage of pre-tRNA that occurs more rapidly than pre-tRNA dissociation and, finally, a slow step after cleavage, such as dissociation of products, that limits the steady-state turnover rate.
MATERIALS AND METHODS
Chemicals and buffers
Chemicals of the highest purity were purchased from Sigma Chemical Company unless otherwise specified. Nucleotide triphosphates were purchased from Amersham BioScience. TAP buffer is 50 mM K-HEPES at pH 7.5, 100 mM NaCl, 10 mM MgCl 2 , 0.1% Triton X-100, 10% glycerol, and 1 mM dithiothreitol. Buffer A is 10 mM MgCl 2 , 100 mM KCl, and 10 mM HEPES at pH 8.0, at 20°C. TE buffer is 1 mM EDTA and 10 mM Tris-HCl (pH 8.0) at 25°C. Buffers were prepared using deionized water filtered with Mini-Q system (Waters) and degassed before use.
Strains and plasmids
Yeast nuclear RNase P was isolated from the S. cerevisiae strain SCWY10 (MATa his3D1 leu2D0 met15D0 ura3D0 rpr2::TAP-HIS3 rpr1D::NAT1). The strain is a derivative of S288C bearing a C-terminal TAP tag on the RPR2 protein (Open Biosystems) and modified with a chromosomal deletion of the essential RPR1 gene, which is present on the plasmid YCp50-RPR1 (Chamberlain et al. 1998 ).
Preparation of yeast extracts
The yeast strain SCWY10 was grown overnight in YPD media at 30°C and harvested at an OD 600 of z3. For a single enzyme preparation cell pellets from 18 L of yeast culture (z240 g of wet cell paste) were prepared and stored at À80°C until a total of 90 L of cell culture were obtained. Two different enzyme preparations were used in this study. An initial enzyme preparation was used to test the feasibility of kinetic analysis and to perform an initial exploratory analysis. The results of our second purification are shown in Figure 1 and Table 1 , and this enzyme preparation was used to collect all of the kinetic data presented here. Yeast extracts were prepared by lysing cell pellets in TAP buffer containing Complete protease inhibitors with no EDTA (Roche) at the recommended concentrations. Cell pellets were suspended in TAP buffer (3 mL/10 g wet cell paste) and passed through a model 110-Y Microfluidizer (Microfluidics Corporation) using four passes in a single 200-mm configuration followed by six passes using a dual 200 mm/100 mm configuration. Particular care was taken to ensure adequate cooling during the lysis procedure. Following lysis, the cell debris was removed via high-speed centrifugation (4°C/24.3 K3g/10 min). The extract was then cleared via ultracentrifugation (4°C/142.0 K3g/1 h).
Purification of yeast nuclear RNase P
Purification was performed using the C-terminal TAP tag of the Rpr2 protein. The extract was incubated for 2 h at 4°C with 17 mL of rabbit IgG-agarose beads (Sigma) per milliliter of extract. The beads were initially washed with TAP buffer (1 3 40 vol) before being transferred to disposable columns and washed further (5 3 10 vol). The complex was eluted from the IgG beads with TEV protease (Carrington and Dougherty 1988; Kapust et al. 2001) . Optimal conditions for TEV cleavage were determined to be 1 mg of TEV per 10 mL of beads, allowing a complete elution in 2 h at 4°C. The eluate was adjusted to 2 mM CaCl 2 and 1 mM imidazole then applied to calmodulin affinity resin (Stratagene; 60 mL/mL eluate) and incubated for 2 h at 4°C. The Scheme 3. (Berg and von Hippel 1985; Lohman 1986) .
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RNase P assays
The RNase P substrates, wild-type S. cerevisiae pre-tRNA Tyr with the intervening sequence, 59 12-nt leader, and with or without the 39-UUUUU trailer [designated as (+59, +39) or (+59, À39) substrates, respectively] are prepared by in vitro transcription from linearized plasmids catalyzed by T7 RNA polymerase (Milligan and Uhlenbeck 1989) . Pre-tRNA substrates labeled at the 59 terminus with 32 P were prepared post-transcriptionally by treating RNA with calf intestinal alkaline phosphatase followed by incubation with [g-32 P]ATP and T4 polynucleotide kinase (Kin-aseMax 59 Labeling Kit; Ambion, Inc.). The pH value for 1.0 M HEPES stock buffer was determined at 25°C and corrected for the temperature dependence of its pK a (À0.014/°C) (Good et al. 1966) so the pH of the buffer is 8.0 at the experimental temperature.
The pre-steady-state and steady-state kinetics catalyzed by yeast nuclear RNase P holoenzyme were characterized under conditions where the substrate concentration is in excess to the enzyme ([S] > [E]) in Buffer A (Ziehler et al. 2000; Xiao et al. 2005) . Presteady-state kinetics were measured during the first few turnovers (<100 sec), while the steady-state kinetics (the initial rate constants) were determined from the initial rate of pre-tRNA cleavage when <10% of the substrate was cleaved. Unlabeled pre-tRNA with trace concentrations of radio-labeled substrate was refolded by heat denaturation for 3 min at 95°C in TE buffer followed by incubation for 15 min at 37°C and then addition of an equal volume of 23 buffer A. Both the enzyme and the substrate were pre-equilibrated at the reaction temperature for 10 min before initiating the experiments. The assay was started by the addition of the substrate (25-1000 nM) to purified RNase P holoenzyme (7.15 nM to 20 nM final concentration). An aliquot of the reaction mixture was removed and mixed with an equal volume of the stop solution (200 mM EDTA, 0.05% bromophenol blue, 0.05% xylene cyanol, 8 M urea, 20 mM Tris-HCl at pH 8). For cold-chase experiments, reaction aliquots were incubated with an equal volume of the unlabeled substrate (10 mM pre-tRNA in Buffer A using 200 nM labeled substrate) for at least 10 turnovers (>81 sec) before being quenched with the stop solution. Substrate and products were separated by PAGE under denaturing conditions (12% polyacrylamide-7 M urea), and analyzed using a PhosphorImager (Molecular Dynamics).
Data analysis
Kinetics parameters were determined by fitting a burst equation to the pre-steady-state time courses (Johnson 1992) : P = A 1 À exp Àk obs;1 3 t À Á Â Ã + k obs;2 3 t;
where A is the burst amplitude, and k obs,1 and k obs,2 are the observed rate constants at the burst and the linear phases, respectively. Steady-state kinetic parameters (k cat , K M , and k cat / K M ) were obtained by fitting the Michaelis-Menten equation to the initial velocities, v i , (Fersht 1999) .
Data fitting was performed using KaleidaGraph software (Synergy Software). The reported errors are the asymptotic standard errors. Arrhenius activation energies (E a ) for the steady-state kinetic parameters were estimated by fitting Equation 3 to the linear portion of the temperature dependence of k cat and k cat /K M :
where X is either k cat or k cat /K M , R is the universal gas constant (1.987 3 10 À3 kcal K À1 mol À1 ), and T the absolute temperature (in K).
Calculating steady-state parameters based on Scheme 1
Mathematical expressions for the steady-state parameters using the microscopic rate constants in Scheme 1 were derived by the King-Altman method (Segel 1975) . To simplify the expressions, we assumed that k À2 , the rate constant for phosphodiester bond formation, and k À3 [P], binding of tRNA, are negligible.
k cat = k 2 k 3 k 2 + k 3 ; ð5Þ
Kinetic simulation and global analysis of kinetic data were performed using KINSIM and FITSIM by numerical integration techniques (Barshop et al. 1983; Zimmerle and Frieden 1989) . Briefly, the KIMSIM program sets up the rate laws of each chemical step in a kinetic mechanism as a set of coupled differential equations that relates the derivatives of the reactant and product concentrations to their instantaneous concentrations. The time axis of a simulation is divided into small time intervals, and the calculated derivatives at each discrete time point are used to calculate the concentrations at the subsequent time point (Euler's stepping method). We use the rate constants determined from pre-steady-state experiments as the initial values for the rate constants in global analysis (for example, the observed value of k cat /K M for k 1 , the plateau values of k obs,1 and k obs,2 for k 2 and k 3 , respectively). The values of k 1 have to increase to greater than 1 3 10 7 M À1 sec À1 to obtain correct burst amplitudes in simulations. We use the FITSIM program to determine the best fit of the kinetic parameters in a given mechanism to sets of data using the Marquardt method of convergence. All curves were fit to the single mechanism in Scheme 1, and the results are shown in Scheme 2. In the simulation of the chemical quench experiments, the observed tRNA product reflects: tRNA formation = ½EP + ½P:
For the cold tRNA pulse-chase experiments, the tRNA products include the partitioning of the ES intermediate between cleavage and dissociation, as follows: tRNA formation = k 2 k À1 + k 2 3 ½ES + ½EP + ½P:
